Magnetic skyrmions are nanoscale topological spin structures offering great promise for nextgeneration information storage technologies. The recent discovery of sub-100 nm room temperature (RT) skyrmions in several multilayer films has triggered vigorous efforts to modulate their physical properties for their use in devices. Here we present a tunable RT skyrmion platform based on multilayer stacks of Ir/Fe/Co/Pt, which we study using X-ray microscopy, magnetic force microscopy and Hall transport techniques. By varying the ferromagnetic layer composition, we can tailor the magnetic interactions governing skyrmion properties, thereby tuning their thermodynamic stability parameter by an order of magnitude. The skyrmions exhibit a smooth crossover between isolated (metastable) and disordered lattice configurations across samples, while their size and density can be tuned by factors of 2 and 10 respectively. We thus establish a platform for investigating functional sub-50 nm RT skyrmions, pointing towards the development of skyrmion-based memory devices.
In conventional ferromagnets (FMs), the exchange interaction aligns spins, and the anisotropy determines energetically preferred orientations. Meanwhile, the Dzyaloshinskii-Moriya interaction 1,2 (DMI), generated by strong spin-orbit coupling (SOC) and broken inversion symmetry, induces a relative tilt between neighbouring spins. Magnetic skyrmions -finite-size two-dimensional (2D) 'whirls' of electron spin -form due to the competition between these 'winding' DMI and 'aligning' exchange interactions [3] [4] [5] [6] [7] . Skyrmions have several compelling attributes as prototype memory elements, namely their: (1) nontrivial spin topology, protecting them from disorder and thermal fluctuations [8] [9] [10] , (2) small size and self-organization into dense lattices 5, 6, 11, 12 , and (3) solitonic nature, enabling particle-like dynamics, manipulation and addressability 10, 12, 13 . Originally magnetic skyrmions were discovered in non-centrosymmetric compounds hosting bulk DMI [4] [5] [6] [7] . However, their emergence in thin multilayer films with interfacial DMI is particularly exciting 14, 15 due to the inherent tunability of magnetic interactions in 2D, and the material compatibility with existing spintronic technology 8, 16 .
The DMI generated at interfaces between ultrathin FM layers and strong SOC metals 15, [17] [18] [19] [20] can host Néel-textured skyrmions -first observed in epitaxial monolayers of Fe on Ir(111) 11, 12 . Whereas such ultrathin films can stabilize small skyrmions (∼8 nm) only at low temperatures (< 30 K), analogous multilayer films have recently been shown to host ∼50-100 nm RT skyrmions [21] [22] [23] . Here, a FM layer (e.g. Co) is sandwiched between different SOC metals (e.g. Pt and Ir/Ta) to produce a net effective DMI [21] [22] [23] , and multiple repeats of such trilayers stabilize columnar skyrmions through interlayer exchange coupling 24, 25 . Multilayer skyrmions have been imaged using synchrotron-based microscopy techniques [21] [22] [23] , with recent demonstrations of their confinement 21, 23 , nucleation and dynamics 22, 26, 27 in constricted geometries. To translate these attributes into functional RT devices, we must first develop methods of controlling and varying the physical properties of skyrmions, such as their thermodynamic stability, size and density.
Individual skyrmion addressability will be particularly important for technological applications. To realise this, we must achieve control over the skyrmion stability via the critical material parameter, κ 3, 17, [28] [29] [30] :
where A is exchange stiffness, D is the normalized DMI per unit area, and K is the out-of-plane anisotropy. For κ > 1, skyrmions are thermodynamically stable entities, forming a lattice at equilibrium, while for 0 < κ < 1, they would be metastable, isolated particles [28] [29] [30] . It is also important to establish a route towards reducing the skyrmion size at RT to maximize its potential for energy-efficient, highdensity memory. Furthermore, the ability to control skyrmion density would enable device performance tuning in both static 9 and dynamic 31, 32 configurations. Investigating the technological relevance of multilayer skyrmions will also necessitate their electrical detection [33] [34] [35] and imaging 36 within stack configurations translatable to practical devices.
Here we describe our development of a new material platform -multilayer stacks of Ir/Fe/Co/Ptas a host of sub-50 nm skyrmions with continuously tunable properties. By harnessing the large and opposite signs of DMI generated from Fe/Ir 11 and Co/Pt 20 interfaces, we achieve substantial control over the effective DMI governing skyrmion properties. We first confirm the presence of nanoscale RT skyrmions via established X-ray microscopy techniques, and investigate their field evolution using magnetic force microscopy (MFM) and Hall transport. By varying FM layer composition and thickness, we control D, K and A, and thereby modulate the skyrmion stability parameter κ by an order of magnitude, the skyrmion size by a factor of 2, and the skyrmion density by a factor of 10. We thus establish a platform for realizing tunable, functional RT skyrmions in multilayers, and demonstrate how they may be studied using commonly available lab-based techniques. The interfacial DMI is defined for neighbouring spins S 1,2 as
Multilayer Stack Structure
The magnitude and sign of D 12 , determined by the FM and SOC layers at the interface, govern the phenomenology of multilayer skyrmions 7, 8 11, 19, 20, 37 . Therefore, a stack structure combining the Co/Pt and Fe/Ir interfaces, with large DMI of opposite signs, could exhibit additive enhancement of the effective DMI. Here we examine such a four-layer Ir/Fe/Co/Pt stack (Fig. 1a) and establish it as a platform for tailoring magnetic interactions and skyrmion properties. 11, 19, 37 . Finally, increasing the Fe/Co ratio and the FM thickness would also result in reduced anisotropy 39 . Thus, varying the Fe/Co composition could enable the modulation of D, K, and A -thereby tailoring the ensuing skyrmion properties.
Multilayer films with [Ir(10)/Fe(x)/Co(y)/Pt(10)] 20 stacks (layer thickness in Å in parentheses) were sputtered on thermally oxidized Si wafers with optimized film texture and interface quality, and on Si 3 N 4 membranes for X-ray microscopy (see Methods). The thickness of Fe (x : 0-6 Å) and Co (y : 4-6 Å) layers were varied across the films, and the samples studied are described in terms of their Fe(x)/Co(y) composition. While the results detailed here were measured in films with 20 stack repeats for enhanced Xray contrast, similar trends were observed for transport and MFM in samples with 8 repeats. The data presented here were acquired following saturation at positive fields (H > |H S |) in out-of-plane (OP) configuration. The OP magnetization (M(H)) loops for these stacks have a characteristic sheared shape (see e.g. Fig. 2j) , which is typically a signature of labyrinth domain states 22 . Fig. 2 shows representative images acquired by three different magnetic microscopy experiments in varying OP fields for sample Fe(3)/Co(6). We begin by examining magnetic transmission soft X-ray microscopy (MTXM -a technique previously used to study multilayer skyrmion films 22 ) images acquired using films grown on Si 3 N 4 membranes (see Methods) . Data recorded at the Co L 3 edge (778 eV) (Fig. 2a-c) show that as the field is reduced from +H S , round-shaped sub-100 nm features with neg- ative (blue) contrast emerge ( Fig. 2a) , which grow to form elongated labyrinthine domains at zero field ( Fig. 2b) . At negative fields, these domains give way to round-shaped features with positive (yellow) contrast ( Fig. 2c) , which shrink and disappear at −H S . The sub-100 nm size and field evolution of these round magnetic features (Fig. 2l, data) show striking similarities to the emergence and evolution of Néel-textured magnetic skyrmions observed in micromagnetic simulations of these films (Fig. 2l , line: simulation parameters in Fig. 4d -f, details in Methods), and recently reported in similar multilayer films [21] [22] [23] . In contrast, we can rule out the presence of magnetic bubbles, which would be micron-sized and inherently unstable within our films (see Methods). Therefore, we can establish the identification of these round magnetic features as Néel skyrmions stabilized by interfacial DMI.
Microscopic Imaging of RT Skyrmions
In contrast to known multilayer skyrmion hosts [21] [22] [23] To facilitate direct comparison with electrical transport experiments, we also performed MFM measurements on similar stacks deposited on Si/SiO 2 wafers using high spatial resolution tips (diameter ∼30 nm, see Methods). The MFM results ( Fig. 2g-i) show similar field evolution to MTXM -skyrmions at higher fields (Fig. 2g, i) , and stripes at zero field ( Fig. 2h ) -while displaying markedly higher magnetic and spatial contrast. Despite the difference in substrates (Si/SiO 2 for MFM vs. Si 3 N 4 membranes for MTXM), the MFM domain periodicity (Fig. 2k , blue) shows similar magnitude and field evolution trends as MTXM. Finally, we compare in Fig. 2l the field evolution of skyrmion size d Sk (H) as measured across all three experiments. The values of d Sk reported in Fig. 2l correspond to measured values, and thus represent overestimates of the true skyrmion sizes to varying extents (due to differences in probe sizes and substrates). The MTXM results (red and green data) show good agreement between the Co and Fe experiments. Meanwhile, the MFM results (blue data) are in excellent correspondence with micromagnetic simulations (blue line), and also agree reasonably well with MTXM -albeit with a systematic offset of ∼10 nm. Importantly, the excellent agreement between the d Sk trends across experiments and simulations firmly establish MFM as a reliable tool for imaging RT skyrmions.
Hall Transport Experiments
To determine the electrical signature of Néel skyrmions, high-resolution magnetotransport measurements were performed on the films using small, non-perturbative current densities (as low as 10 4 A/m 2 ). Great care was taken to eliminate any field offsets between the transport data ( Fig. 3b) and complementary magnetization measurements (Fig. 3a, see Methods) . The typical RT transport characteristics for Ir/Fe/Co/Pt stacks (representative sample Fe(2)/Co(6)) are shown in Fig. 3b , with the longitudinal resistivity (ρ xx (H)) constant to 0.02% within the field range of interest. The Hall resistivity data, ρ H (H) (Fig. 3b, blue) , was analyzed by accounting for contributions from the conventional (∝ H) and anomalous (∝ M(H)) Hall effects 40 :
Here, R 0 is the conventional Hall coefficient, while R S represents the cumulative anomalous Hall contribution from skew scattering, side-jump scattering, and the intrinsic (momentum space) Berry curvature mechanisms. After accounting for these contributions, a residual Hall signal,
, is observed with a maximum value of ∼ 30 nΩ-cm (Fig. 3d) -the peak position consistent with an inflection in the raw ρ H data (see §S3). Importantly, the field range corresponding to finite ρ T H (H) is in good agreement with that over which skyrmions are observed in MFM (Fig. 3d insets) and MTXM experiments. We note that in bulk DMI materials, the observed ρ T H (H) (5-100 nΩ-cm) has been attributed to Bloch skyrmions 33, 35, 41 . Based on the field range, consistency and reproducibility of ρ T H (H) across samples ( §S3), we ascribe its origin to the topological Hall effect (THE) from Néel skyrmions.
The THE results from the Berry phase accumulated by itinerant electrons crossing the 2D skyrmion spin texture (Fig. 3c) . The ρ T H (H) profile has a characteristic hump shape -weak at low field due to the predominance of 1D stripes (Fig. 3d , centre inset), with a peak at higher field due to skyrmion proliferation (Fig. 3d , left/right insets), which disappears at saturation 33, 35, 42 . One key contrast with ρ T H (H) in Bloch skyrmion materials 35, 41 is the observed asymmetry through the field sweep: in our
. Such asymmetry is likely due to hysteretic domain formation driven by the interfacial anisotropy in our multilayers. Second a direct comparison between the magnitude of ρ T H (H) and the observed skyrmion density in MFM images gives an emergent flux per skyrmion of 6 − 100 φ 0 across our multilayers (φ 0 = h/e is the flux quantum, procedural details in §S3). Such a large emergent flux is in contrast to corresponding reports on Bloch materials (O(1) · φ 0 33,35,41 ). This quantitative discrepancy could be addressed in future by a systematic comparison between Hall transport and observed magnetic textures. We note that this is the first reported electrical signature of RT skyrmions, establishing the utility of Hall transport towards skyrmion detection in RT devices. Having confirmed the presence of RT skyrmions, we examine the effects of varying Fe(x)/Co(y) composition on the magnetic interactions governing skyrmion properties. First, K eff was determined directly from magnetization measurements, and was found to decrease with increasing Fe/Co ratio and FM thickness (Fig. 4d) . Next, the exchange stiffness, A est was estimated from DFT calculations (see Methods), and is expected to vary by ∼ 15% (11.0 -12.6 pJ/m) over the Fe/Co compositions studied (Fig. 4e) . The corresponding DMI, D est , was determined by comparing the zero field magnetic domain periodicity in MFM experiments (Fig. 4a , for Fe(4)/Co(6)) with corresponding micromagnetic simulations (Fig. 4b , see Methods) 21 ,22 using a 2D χ 2 fit, with D and A varied over a range of likely values (Fig. 4c) . Subsequently, the validity of D est and A est was established by independently performing χ 2 -fits to the field-dependent sssskyrmion size, d MFM Sk (H), between experiments and simulations with varying D and A (see §S4). Notably, D est showed a systematic 'dome'-like variation of ∼ 30% across samples, ranging from 1.65 − 2.1 mJ/m 2 (Fig. 4f) -the maximal value being larger than previous reports for other multilayer skyrmion hosts [21] [22] [23] .
Modulating Magnetic Interactions
The DMI enhancement observed for Fe(x > 0) relative to Fe(0)/Co(6) (Ir/Co/Pt) is consistent with DFT calculations (Fig. 1c) . The inclusion of Fe results in the gradual formation of a Fe/Ir interface and corresponding suppression of the Co/Ir boundary, leading to increasing DMI. The DMI reaches its maximal value for complete monolayer coverage at both Fe/Ir and Co/Pt interfaces (near Fe(4)/Co(4)), and reduces as the FM layer thickness is further increased due to its interfacial nature. Notably, the 'dome'-like variation in D est (Fig. 4f) does not track the decreasing trend of K eff (Fig. 4d) or that of A est (Fig. 4e) . This indicates that a degree of independent variation of (D/A) est and K eff can be achieved within our samples.
Tuning Skyrmion Properties
The observed variation of D est , K eff , and A est has direct implications on the properties of skyrmions, whose stability, size and density evolve visibly across our sample compositions (Fig. 5b-e) . First, the stability parameter, κ est (≡ D est /D c , Eqn. 1) varies smoothly from ∼ 0.8 to ∼ 6.5 (Fig. 5a ). This order of magnitude variation has a dramatic effect on the spatial configurations of skyrmions near maximal density (H ∼ −0.8 H S ) (Fig. 5b-e) . The skyrmion configurations can be analyzed using Delaunay triangulation statistics (details in §S5) for the nearest neighbor (NN) coordination number (N NN , Fig. 5f ) and angular orientation (θ NN , Fig. 5g ) 43 . For κ est < 1 (Fig. 5f -g, bottom plots), the distributions show a large spread, with a marked deviation from ordered configurations, and correspond to metastable, isolated skyrmions (circular FT, Fig. 5c inset) . In contrast, for κ est > 1, the distributions gradually converge around N NN = 6, θ NN = 60 • -forming a disordered hexagonal skyrmion lattice (Fig. 5e inset) . The crossover between isolated and lattice configurations appears to be smooth, possibly due to the granularity of magnetic properties and disorder pinning effects in sputtered films. Such a gradual crossover would likely enable skyrmion stabilization over a wide range of sizes and densities, while maintaining individual addressability. (Fig. 6b) , which shows a prominent minimum at Fe(4)/Co(4), and visible anti-correlation with the 'dome'-shaped variation in DMI (Fig. 4f) . Notably, the excellent agreement in d Sk (H) trends between the MFM data and corresponding micromagnetic simulations (Fig. 6a) underscores the direct relationship between varying magnetic interactions and skyrmion properties across Fe/Co compositions. Finally, we note that the d MFM Sk values reported here overestimate the true skyrmion size, due to finite size probe convolution effects (∼30 nm MFM tips). In fact, RT skyrmions in Fe(4)/Co(4) could be considerably smaller than any multilayer skyrmions reported so far [21] [22] [23] 
(see §S4).
While D/A plays a key role in determining the skyrmion size, the variation in K eff is understood to govern the skyrmion density n Sk . Fig. 6c shows the variation in n Sk (for H ∼ 0.8 H S ), as a function of K eff across our samples. As K eff is reduced from strongly OP (∼0.3 MJ/m 3 ) to near-IP (∼ 0.01 MJ/m 3 ), n Sk shows a dramatic increase: from ∼ 5 μm −2 to ∼ 60 μm −2 . Skyrmions in low K eff samples are stable over a broader range of fields (> ±0.2 T), due to increased H S , and are also nucleated close to zero field with much greater ease. Therefore, varying K eff on ei-ther side of the optimal DMI composition is a route towards engineering stacks with the requisite skyrmion density and stability for specific applications.
Outlook
We have synthesized magnetic multilayer stacks hosting RT skyrmions with tunable properties. By varying the Fe/Co composition, we have modulated the magnetic interactions governing skyrmion formation, thereby continuously tuning the thermodynamic stability parameter, κ est , over an order of magnitude. The resulting skyrmion configuration, imaged by Xray microscopy and MFM, evolves from isolated, metastable particles to a disordered hexagonal lattice. Modulating D, K and A further enables us to vary the skyrmion size (by 2×) and density (by 10×). This demonstration of a platform for tunable sub-50 nm RT skyrmions and their electrical detection via Hall transport has immediate relevance for device applications.
The myriad proposals of skyrmion-based memory devices predominantly build upon either (a) the nucleation or deletion of single skyrmions in nanostructures 8, 9, 29 , or (b) the dynamics of a train of skyrmions in a racetrack configuration 31, 44, 45 . The material requirements for (a) would be geared towards the use of individual, isolated skyrmions in confined geometries. In contrast, optimal materials for devices based on (b) would correspond to dense arrays of skyrmions, ideally in an ordered configuration, for high-speed readout and increased mobility. As demonstrated here, Ir/Fe/Co/Pt stacks can directly address both these contrasting requirements of skyrmion properties by simply varying the stack composition. Crucially, the smooth crossover between isolated and lattice configurations with composition can simultaneously enable stabilization and individual addressability for a wide range of skyrmion sizes and densities. We thus provide a material platform for fast-tracking technological explorations of skyrmionbased memory devices. MTXM Experiments were performed for several Fe/Co compositions on multilayers deposited on Si 3 N 4 membranes. The data were acquired in OP geometry, with the sample plane normal to the propagation direction of circularly polarized X-ray beam, using full-field MTXM at the Advanced Light Source (XM-1 BL 6.1.2). The samples were saturated OP at +250 mT, and MTXM images were acquired through hysteresis loops at the Co L 3 edge (∼778 eV), and in some cases, at the Fe L 3 edge (∼708 eV) over the same sample region. The spatial length scales observed at the Co and Fe edges were calibrated using standard samples, and the Fe data were corrected for a ∼ 7% CCD camera magnification artifact.
Methods
MFM Experiments were performed using a NX-10 AFM/MFM manufactured by Park Systems™. All data were acquired in ambient conditions, with the MFM mounted on a vibration-isolated platform. The MFM tips used (SSS-MFMR) were ∼ 30 nm in diameter, with low coercivity (∼ 12 mT) and ultra-low magnetic moments (∼80 emu/cm 3 ), optimized for non-perturbative magnetic imaging with high spatial resolution. The samples were saturated OP using fields up to 0.5 T, and measurements were performed in OP fields of up to 0.2 T with a typical tip lift of 30 nm. The contrast of MFM images for H < 0 has been inverted for ease of comparison with MTXM images. The zero field results reported here were consistent with those obtained after AC demagnetization. Precautions were taken to eliminate tip-induced perturbations, drift, and other artifacts, and the results obtained were reproduced several times for consistency.
Magnetization, M(H), of the films was determined using SQUID magnetometry, with a Quantum Design™ Magnetic Properties Measurement System (MPMS). The saturation magnetization (M S ) varied over 0.65-1.1 MA/m across our films. The effective anisotropy (K eff ) of the films were determined by acquiring OP and IP hysteresis loops (e.g. Fig. 2j ), and are detailed in Fig. 4d .
Electrical Transport. The magnetoresistance and Hall coefficients were measured using a lock-in technique (excitation frequency: 0-300 Hz), enabling sub-nV resolution. The measurements were performed using a custom-built variable temperature insert (VTI) housed in a high-field magnet, complemented by a Quantum Design™ Physical Properties Measurement System (PPMS). The data reported here were acquired through a full hysteresis cycle, with 25 Oe steps within ±H S after saturation at large fields (+4 T), using small current densities (as low as 10 4 A/m 2 ) so as to not perturb the spin textures. Importantly, the Hall data were analyzed after carefully accounting for any magnetic field offsets between magnetization (Fig. 3a) and transport (Fig. 3b) measurements. To this end, repeated field calibrations were performed on each of the instruments using reference samples.
Further procedural details of the analysis and consistency checks are provided in §S3.
Density Functional Theory Calculations.
To estimate the magnetic interactions in our stacks, we performed first-principles DFT calculations using the technique employed by Yang et al. 20 .
The multilayer stack, Ir [3] [3] (number of atomic layers in braces), were set up in a close-packed (111) orientation and separated by a vacuum of 10 Å along the OP direction, with the IP lattice constants set to the calculated bulk Ir value (2.74 Å). The DMI was considered only between intralayer NN atoms to a first approximation, and used to define d tot = ∑ k d k , i.e. the sum of DMI coefficients, d k , for each layer 20 . Subsequently, clockwise and anti-clockwise spin spirals were constructed across a supercell using the constrained spin method. The energy difference between these two configurations was computed and scaled by a geometry and spin-spiral dependent factor to obtain d tot . This was used to determine the micromagnetic DMI strength, D DFT , across our magnetic films (Fig. 1c) . Exchange calculations performed by first computing U ex -the total energy difference between the spin spiral (averaged over clockwise and anticlockwise spirals) and collinear spin configurations. The exchange stiffness A DFT was determined by comparing this exchange energy density to the micromagnetic exchange free energy. Further procedural details for the DFT calculations and corresponding consistency checks are in §S2.
Micromagnetic Simulations were performed using the mumax 3 software package 46 , which accounts for interfacial DMI. The multilayers were modelled with a mesh size of 4 × 4 nm 2 over a 2 × 2 μm 2 area for comparison with films. The z length of the discretization mesh, L z , was changed to match the sample's magnetic layer thickness, with the nonmagnetic spacer approximated to a uniform layer. The stack configuration used (20 repeats) was consistent with experiments, and the M S and K eff values used were obtained from SQUID measurements. Meanwhile, A and D were varied over a range of likely values to estimate their magnitude by comparing the zero field domain periodicity and the field dependence of skyrmion size. MFM images were simulated for direct comparisons with experiment using the built-in functionality of mumax 3 . The MFM tip magnetization was modeled as a magnetic dipole of size 20 nm, with the tip lift set to 30 nm above the surface. For the domain periodicity simulations, the initial magnetization was randomized, and the relaxed (final) magnetization configuration ( M(x, y, N)) at zero field was Fourier analyzed to determine the periodicity. The average periodicity of all 20 magnetic layers, used for comparison with MFM data, was consistent with that of the top layer. Finally, the periodicity trends with varying A and D were found to be smooth and monotonic, allowing for regression analysis to accurately estimate the magnetic parameters for each stack composition. Micromagnetic simulations were also performed with varying D and A to compare the field evolution of skyrmion size, d Sk , with experiments across various sample compositions. After obtaining the zero field magnetization profile, the magnetization configuration was relaxed at progressively increasing OP magnetic fields (steps of 15-25 mT) until saturation to obtain a 'virgin' magnetization curve. The magnetization configurations obtained at each field were used to simulate the corresponding MFM images. The skyrmion size d MFM Sk (H) was determined by averaging over Gaussian fits to the simulated MFM profiles of several skyrmions (typically 5-10) identified from magnetization images. Finally, simulations were performed to compare the observed size and field evolution of skyrmions with the corresponding phenomenology of bubble systems 47 . When magnetic bubbles of comparable sizes (40-100 nm) were artificially introduced in our films, they were found to be highly unstable -both at zero and finite fields -immediately transforming into chiral domain walls or skyrmions.
Determining Magnetic Parameters. The saturation magnetization, M S , and effective anisotropy, K eff (Fig. 4d) , were determined from SQUID magnetometry measurements. The exchange stiffness, A est (Fig. 4e ), expected to vary by ∼ 15% (11.0 -12.6 pJ/m) across samples, was estimated from DFT calculations by linear interpolation of the results obtained with varying Fe/Co compositions (Fig. 1b) . The corresponding DMI, D est (Fig. 4f) , was determined by performing a χ 2 -fits to the domain periodicity at zero magnetic field in MFM experiments with micromagnetic simulations while varying D and A. Subsequently, the validity of D est and A est was established independently by performing χ 2 -fits to the skyrmion size,
, between experiments and simulations for various combinations of D and A across the films (details in §S4).
The parameters shown in Fig. 4d -f were used together with Eqn. 1 to obtain κ est . The evolution of skyrmion configuration with κ est was analyzed using Delaunay triangulation techniques (details in §S5).
Magnetic Microscopy and Skyrmion Properties. To determine the domain periodicity, the MTXM and MFM images were analyzed in Fourier space. The position and width of the FT peak were used to quantify the domain periodicity and the error bar respectively (Fig. 2k) . Meanwhile, the skyrmion sizes, d Sk , were determined from MTXM and MFM measurements by performing 2D isotropic Gaussian fits to skyrmions identified within a ∼ 6 × 6 μm 2 field-ofview (∼ 2 × 2 μm 2 for MFM simulations). The error bars for d Sk represent a true spread in the observed size of multiple skyrmions in our films, consistent with reports in confined geometries 22 . The numbers for d Sk reported here are raw estimates of skyrmion width -no deconvolution has been performed to account for the X-ray point spread function or beam profile, or the MFM tip size.
